Hippocampus functions, including spatial cognition and stress responses, mature during adolescence. In addition, hippocampus neuronal structures are modified by circulating sex steroids, which dramatically increase during adolescence. Therefore, the effects of castration and the circulating levels of the main sex steroid testosterone on spatial learning and memory were examined across postnatal ages to test whether pre-pubertal castration affected rats' spatial ability in the Morris Water maze (MWM). Male rats were either castrated or sham-castrated at 22d (days of age), or left gonadally intact. They were then trained and tested in the MWM beginning at 28d, 35d, 45d or 60d. We found that all of the intact rats learned the spatial task; however, the males at 22d and 28d required more trials to acquire the task than the males at older ages. The males castrated at 22d and tested at 35d had significantly lower escape latency and traveled distance during training than the sham-castrated males trained at the same age. No differences were observed in mean values of escape latency and traveled distance at 45d even though they had comparable levels of testosterone. We conclude that adult-typical performance for male spatial memory emerges during mid-adolescence and that pre-pubertal castration appears to improve spatial learning during this time.
Introduction
The relative importance of early organizational and later activational effects of sex steroids upon cognition is a fundamental question in the field of behavioral neuroendocrinology. The research to date has focused on early postnatal rather than later life periods to address the role of androgens in the development of male spatial memory (Feeser and Raskin, 1987; Isgor and Sengelaub, 1998; Isgor and Sengelaub, 2003) . Exposure to high levels of androgens in early life can produce enduring changes through substantial remodeling of the developing nervous system (Isgor and Sengelaub, 2003) . Upon gonadal development during puberty, testicular and ovarian hormones may act on formerly sexually differentiated circuits to enable expression of sex-typical behaviors in particular cognition function (Gladwin et al., 2011; Schulz et al., 2009; Sisk and Zehr, 2005) . It is very worthwhile to examine the role of gonadal hormones during adolescence on spatial memory. Additionally, it appears likely that secretion of androgens during adolescence can exert programming on neural circuits that are involved in learning and memory (Kanit et al., 2000; McCarthy and Konkle, 2005) . The ability for spatial learning has been studied extensively, and it is understood that male individuals perform better in spatial tasks and solve spatial problems more quickly (Jonasson, 2005; Mitsushima et al., 2009; Sisk and Zehr, 2005) . Previous studies have reported that sex differences in spatial performance have not been observed before puberty and male superiority in spatial performance emerges around 45 days of age, when the circulating sex hormones have risen to adult levels. This indicates that the devel development of spatial task performance could be induced by the main male sex hormone, testosterone, during adolescence (Isgor and Sengelaub, 2003; Sisk and Foster, 2004; Sisk and Zehr, 2005) . Conversely, Frankola et al. (2010) and Grissom et al. (2012a Grissom et al. ( , 2012b reported sex differences on cognitive measures in rats prior to puberty. Therefore, a developmental strategy was used to test whether pre-pubertal castration affected the ability to acquire spatial learning across postnatal ages. Changes in the circulating levels of the main sex steroid testosterone were also traced.
Materials and methods

Subjects
The subjects were 136 male Wistar rats (Pasteur Institute, Tehran, Iran), which were divided into intact, sham-castrated and castrated groups. Rats were housed in polycarbonate cages (five rats per cage) at 20-23°C on a 12:12 h light-dark cycle with light beginning at 7:30 a.m., with free access to food pellets which were free of steroidal components (metabolic energy 3160, digestive energy 3560, Raw protein 13.5%, Raw fiber 6%, total phosphor 0.62% and calcium 0.56%) and tap water.
Intact rats
Forty-five rats were gonadally intact. Intact rats were aged postnatal day 22 (n = 8), 28 (n = 7), 35 (n = 10), 45 (n = 10) and 60 (n = 10).
Sham-operated and castrated rats
Thirty-five rats were castrated and 37 rats were sham-castrated. Three rats died during surgery. Male rats were castrated or sham-castrated at 22d and trained on the MWM beginning at 28d, 35d, 45d and 60d. No biochemical or behavioral tests were performed on rats castrated or sham-castrated 22d. Sham-castrated rats were ages 28d (n = 10), 35d (n = 10), 45d (n = 10) and 60d (n = 7). Castrated rats were ages 28d (n = 8), 35d (n = 10), 45d (n = 10) and 60d (n = 7).
Testosterone therapy subjects
Sixteen rats at 35d were divided into sham-castrated (n = 9) and castrated (n = 7) and were treated with vehicle or testosterone respectively. All of the experiments were performed between 12:00 p.m. and 3:00 p.m. in accordance with internationally accepted principles for the use of experimental animals.
Surgical procedures
Surgical procedures were performed under ketamine-xylazine (80 mg/kg ketamine, 25 mg/kg xylazine) anesthesia. To castrate the animals, the sac of the scrotum along with underlying tunica were incised, the vas deferens were bilaterally tied off with a sterile 3/0 chromic (HUR TEB, Iran) ligature, and both testes were removed; thereafter, incisions on the scrotum were sutured. For the sham-castration, incisions into the skin and muscle layers of the scrotum were made and then sutured without removing the testes (Spritzer et al., 2008) . The topical analgesic Fougera (2.5% lidocaine, 2.5 % prilocaine) was applied to the incision sites immediately after surgery.
Hormone replacement therapy
Testosterone (0.032 mg/rat dissolved in 0.1 mL sesame oil) or vehicle (sesame oil) was subcutaneously injected into castrated or shamoperated rats, respectively, from 30d to 37d in 35d groups. Animals in the 60d group received subcutaneous injections of testosterone, or vehicle, in the following manner: 0.032 mg from 30d to 40d, 0.062 mg from 40d to 50d, and 0.25 mg from 50d to 64d. Testosterone therapy was done from 30d to the end of the behavioral assessment day.
Morris water maze
The water maze is a black circular tank that is 136 cm in diameter and 60 cm in height. The tank was filled with tap water (21 ± 1°C) to a depth of 25 cm. The maze was located in a room with external maze cues (e.g. bookshelves and posters). The maze was divided geographically into four quadrants (Northeast (NE), Northwest (NW), Southeast (SE), Southwest (SW)), and starting positions (North (N), South (S), West (W), East (E)) were equally spaced around the perimeter of the tank. A hidden circular platform (diameter: 10 cm) was located in the center of the NW quadrant and was submerged 1 cm below the surface of the water. A video camera was mounted directly above the maze to record the rats' swim paths. Data was recorded using an automated tracking system (Noldus Information Technology, The Netherlands).
Spatial learning procedure
To train animals on the MWM, each rat was given two blocks per day for two consecutive days. Each block had four trials so that each rat performed a total of 16 trials. During the trials the rats were placed in the pool from different, random starting points. They learned to find the hidden platform. The escape latency and the time required by the rat to find and climb onto the platform was recorded for up to 90 s. If a rat did not find the platform within 90 s, it was manually placed on the platform. The inter-trial interval for each rat was 30 s, and the inter-block interval was five min. On the third day the platform was removed from the pool and each rat was tested by a probe trial for 60 s. Then, the platform with a bright colored stick was placed in a quadrant that was different from the acquisition training quadrants and was raised two cm above the water to make it visible (visible platform). The visible platform learning was performed in one block with four trials, immediately following the probe trial. The time to reach the visible platform was considered to be an indication of alternations in the visual acuity, motor or motivational attributes of animals. The experiments were started at stated ages; for example, the 22d male rats were tested at 22d, 23d and 24d, with hidden platform testing was done at 22d and 23d, and probe trial or visible platform testing was done at 24 d of age.
Hormone assay
After behavioral tests, all of the rats were sacrificed by intraperitoneal ketamine-xylazine injection. Immediately prior to sacrificing, blood samples (3-5 mL) were collected via cardiac puncture and samples were centrifuged at 10,000 rpm for 20 min. After centrifugation, serum was decanted and stored at −80°C. The testosterone level was measured using the ELISA kit (DRG Instruments, Germany). The sensitivity, the intra-assay coefficient of variance and the inter-assay coefficient of variance for the ELISA kit were 0.083 ng/ml, 4.16% and 8.94%, respectively. The testosterone antibody has some cross reactivity with 5α-dihydrotestosterone (0.8%), androstenedione (0.9%), 11β-hydroxyestostosterone (3.3%), 19-nortestosterone (3.3%), 17α-methyltestosterone (0.1%), epitestosterone, estradiol, progesterone, cortisol, estrone and danazol (all b 0.1%). Corticosterone was also measured using the ELISA kit. The sensitivity, the intra-assay coefficient of variance and the inter-assay coefficient of variance for the ELISA kit were 0.5 ng/ml, 4.6% and 6.9%, respectively. All blood samples were run in duplicate.
Statistical analysis
The data of learning curves were analyzed using repeated measures ANOVA to evaluate the learning curve for groups across blocks. The blocks were run as within-subject factors, age and treatment (castration) as between-subject factors and speed as a covariate. Because traveled distance and escape latency of rats to reach hidden platform could be affected by speed changes among groups, analysis of covariance (ANCOVA) was used on speed as covariate. Statistical analysis was followed by tests for simple main effects using syntax. For probe tests, percentage of time spent in the target quadrant and visible platform escape latency for each rat was analyzed using two-way ANOVA. Age and treatment were considered as between-subject factors. To analyze the data from hormone assays, age and treatment were considered as between-subject factors in two-way ANOVA. When Mauchly's test of sphericity indicated that the assumption of sphericity had been violated, the Greenhouse-Geisser correction was used to combat the violation of the assumption of sphericity. Fisher's least significant difference (LSD) test was used for post-hoc comparisons unless Levene's test reported inequality of variances for dependent variable. In such a case, Dunnett's T3 test was used for post-hoc analysis. Data are presented as the mean and standard error of the mean. Statistical significance was indicated by P b 0.05.
Results
Hidden platform
A repeated measures two-way ANOVA was conducted to examine the effect of age and castration on escape latency to find the hidden platform. The dependent variables escape latency and traveled distance were normally distributed for the groups formed by the combination of the levels of age and treatment as assessed by the Shapiro-Wilk test. There was homogeneity of variance between groups as assessed by Levene's test. Mauchly's test of sphericity indicated that the assumption of sphericity had been violated; therefore, the Greenhouse-Geisser correction was used.
All intact animals showed a significant decrease in escape latency (Greenhouse-Geisser: F 2.4 , 251.2 = 181.79; P b 0.001; Fig. 1A ) and in traveled distance (Greenhouse-Geisser: F 2.4,251 = 180.9, P b 0.001; Fig. 1B ) across four blocks of acquisition during spatial learning, which indicated the ability of all animals in different ages to solve the MWM task. There was an interactive effect of age and block on escape latency (Greenhouse-Geisser: F 9.75, 251.2 = 3.59; P b 0.001) and on traveled distance (Greenhouse-Geisser: F 9.76, 251.4 = 3.54; P b 0.001). The analysis followed by one-way ANOVA and post-hoc LSD showed a significantly higher escape latency in 22d and 28d compared to 35d, 45d and 60d in all blocks (P b 0.05). The 60d group had a lower escape latency than the 35d animals in blocks one, two and three and a lower escape latency than the 45d animals in blocks two and three (P b 0.05). Similar results were found for traveled distance but there were no differences between 22d and 28d with 35d in block one (P N 0.05).
There was an interactive effect between block and castration for both escape latency (Greenhouse-Geisser: F 4.9, 251.2 = 5.68; P b 0.001, Fig. 2 ) and traveled distance (Greenhouse-Geisser: F 4.9, 251.4 = 6.39; P b 0.001, Fig. 3 ). Therefore, we tested for differences in both escape latency and traveled distance between treatments at each age. The mean values of escape latency of castrates were significantly lower than that of sham-castrated rats across four blocks at 35d (Fig. 2B ) and on blocks one and four at 45d (P b 0.05; Fig. 2C ). There were, however, no significant differences at 60d across blocks except for block three (Fig. 2D ), which showed a higher escape latency than sham-castrates at 60d (P b 0.05). In castrates, the mean values of traveled distance were significantly lower than that of sham-castrated rats at 35d on block one and four (Fig. 2B ) and at 45d on block one (P b 0.05; Fig. 2C ). There were no significant differences between castrates and sham-castrates across blocks at 28d and 60d.
Fig . 1C illustrates the mean values of swimming speed at 22d to 60d for intact rats, Repeated measures ANOVA showed that there was no significant effect of age (F 4,40 = 2.53; P N 0.05) or interaction effect between age and block (F 12,120 = 0.109; P N 0.05). However, pairwise comparison revealed a significant difference between 22d and 35d, 45d, and 60d (P b 0.05; Fig. 1C ). In addition, there was a significant interaction between age and block in sham-operated groups (F 9, 96 = 1.733, P b 0.05), but not in castrates. Further analysis showed that in sham-operated groups, 28d had a significantly lower speed than 45d in block two (Fig. 4A, insert) . There was no significant effect of age (F 3, 7 = 1.733, P N 0.05), no effect of castration (F 1, 63 = 1.192, P N 0.05) and no interactive effect of age and castration (F 6, 63 = 1.464, P N 0.05; Fig. 4C ). In order to exclude the effect of changes of speed, we use speed as covariate in statistical analysis (ANCOVA).
Data for sham-castrated and castrated groups were collapsed across blocks and a two-way ANOVA was applied. Due to a significant difference in swimming speed among ages, covariance analysis (ANCOVA) was used for both traveled distance and escape latency. The results showed a significant interactive effect of age and treatment (F 7.63 = 10.65, P b 0.001). Additional analysis revealed that the mean value of escape latency in castrates was shorter than that of sham-castrated rats at 35d (F 1, 63 = 922, P b 0.01; Fig. 2B, insert) . There was an interactive effect of castration and age on traveled distance (F 7.63 = 8.6, P b 0.001). Subsequent analysis showed that castrates spent less time to find hidden platform than that of sham-castrated rats at 35d (F 1,63 = 4.004, P = 0.05; Fig. 3C , insert) and there was no significant difference for other ages, which indicated that castration influenced the spatial performance in mid-adolescence and adulthood differently.
Probe trial
During the probe trials, all groups showed a significant bias toward swimming in the quadrant in which the platform had been placed during the acquisition trials (P b 0.05). Age and castration were without effect on the percentage of time that rats spent in the target quadrant during the probe trial (P N 0.05; Fig. 5 ).
Visible platform
For the visible platform learning, the data were averaged across trials for each rat and mean values of escape latency were presented in Fig. 6 . Fig. 1 . Morris water maze escape latencies (A), traveled distances (B) and speed (C) for intact rats at 22d, 28d, 35d, 45d and 60d across four blocks of acquisitions. All of the animals showed a significant decrease in the latency to escape the water across four blocks of acquisitions. Speed did not significantly change among blocks or groups but 22d animals had significantly lower speeds than 35d, 45, 60d animals (C, insert, *P b 0.05). Data are presented as the mean + S.E.M. and were analyzed using the repeated measures two-way ANOVA. For the sake of clarity, significant differences were not signed. There was no significant difference between sham and castrated rats at 28d. Castrates at 35d spent less time searching for the hidden platform than the shams across four blocks of acquisitions. Castrates at 45d performed better at navigation than shams in blocks one and four. Castrates at 60d spent more time locating the platform than shams in block three. *P b 0.05, **P b 0.01. Fig. 3 . Morris water maze traveled distances for sham-castrated and castrated rats at 28d (A), 35d (B), 45d (C) and 60d (D) across four blocks of acquisitions during the hidden platform location-learning paradigm. Inserts are the means of the four blocks. There was no significant difference between sham and castrated rats at 28 d. Castrates at 35d searched less than shams to find hidden platform in blocks one and four. Castrates at 45d searched less than the shams in block one. There was no significant difference between sham and castrated rats at 60d of age. *P b 0.05.
The results showed no significant effect of age (F 3,110 = 2.55, P N 0.05), no effect of castration (F 2,110 = 0.417, P N 0.05) and an interactive effect of age and castration (F 6,105 = 1.488, P N 0.05) on the escape latency.
Testosterone replacement
Regarding effect of castration on spatial learning at 35d and 60d groups, testosterone therapy was done from 30d to 37d or 63d old castrated rats and results were analyzed using unpaired t-tests. Results showed that there were no significant differences between castrated and sham operated rates in escape latency (t 14 = 0.061; P N 0.05: Fig. 7A ) and traveled distance (t 14 = 0.2; P N 0.05: Fig. 7B ) in 35d animals. Additionally, there were no significant differences in escape latency (t 14 = 1.04; P N 0.05: Fig. 7D ) or traveled distance (t 14 = 1.002; P N 0.05: Fig. 7E ) in 60d animals. There were no significant differences of speed between sham-operated and castrated animals in both 35d (t 14 = 0.65; P N 0.05; Fig. 7C ) and in 60d groups (t 14 = 0.77; P N 0.05: Fig. 7F ).
Hormone assay
Circulating levels of the sex steroid testosterone were measured in different groups across postnatal ages. Testosterone was not detectable in the plasma of intact animals at 22d by an ELISA assay, which indicated that it was at least below the lower limit of the assay (0.083 ng/ml). The testosterone level increased gradually in intact (F 3, 31 = 12.36, P b 0.001) or sham-operated rats (F 3, 30 = 19.66, P b 0.001) and reached the maximum level at 60d (Table 1) . These results showed that the surgical procedures did not have any effect on the testosterone level. The testosterone level in castrates did not change from 22d to 45d, but increased slightly in castrates at 60d when compared to castrates at 28d, 35d and 45d (F 3,34 = 17.08, P b 0.001). The corticosterone level did not change significantly during adolescence, and castration left it immutable (Table 2) . 
Body weight
The weight of the rats increased with age. Castration significantly changed the weight only at 60d (F 2, 23 = 9.145, P b 0.01). The weight for castrates at 28d, 35d and 45d was not significantly different when compared to sham-castrated and intact rats (Table 3) .
Discussion
In this study we demonstrated that pre-pubertal castration influenced acquisition trial performance of MWM in mid-adolescence and adults differently. Pre-pubertal castration improved spatial ability in mid-adolescence but had no effect on spatial ability in adults. Morris water maze escape latency, traveled distances, and speed for sham-castrated and castrated rats at 35d (A, B, C) and 60d (D, E, F) across four blocks of acquisitions during the hidden platform location-learning paradigm. There was no significant difference between sham-castrated and castrated rats at 35d and 60d of age. Animals in the 35d castrated or sham-castrated groups received subcutaneous injections of testosterone (0.032 mg/rat dissolved in 0.1 ml sesame oil) or vehicle (sesame oil) respectively, from 30d to 37d. Animals in the 60d castrated or sham-castrated groups received subcutaneous injections of testosterone, or vehicle respectively, in the following manner: 0.032 mg from 30d to 40d, 0.062 mg from 40d to 50d, and 0.25 mg from 50d to 64d. Testosterone therapy was done from 30d to the end of the behavioral assessment day. All data are presented as mean + SEM.
Table 1
Testosterone level (ng/ml) across postnatal day ages in intact (I), sham (S) and castrated (C) rats. In samples, which testosterone concentration (mean ± S.E.M.) was below detection limit (0.08 ng/ml) of the assay, were assigned as 0.0 ng/ml. Testosterone concentration gradually increased and reached adult level in Intact and sham operated rats but not in castrated ones. ***P b 0.001 castrates vs. intact and sham-operated rats.
Table 2
Corticostrone level (ng/ml) across postnatal day ages in intact (I), sham (S) and castrated (C) rats.
45.7 ± 8.1 54 ± 7.5 50.4 ± 11.1 P35 52.64 ± 7.2 57.5 ± 7.2 54.7 ± 8.6 P45 58.6 ± 7.2 50.8 ± 7.4 54.4 ± 4.9 P60
48.7 ± 8.4 55.3 ± 1.62 48.3 ± 7
There were no significant differences in plasma Corticosterone level among groups. Data are presented as mean ± S.E.M.
Previous studies reported that castration at adulthood does not significantly disturb acquisition or probe trial performance on a classic reference memory task but does impair spatial working memory retention (Mohaddes et al., 2009; Sandstrom et al., 2006; Spritzer et al., 2008) . Taken together it could be assumed that effect of castration on acquisition of reference memory in MWM is age dependent but its effect on memory retrieval is not. Our results showed that castrates at 35 and 45 days of age had lower plasma levels of testosterone than sham-operated rats and that castrates were able to solve the MWM task more quickly. However, castrates at 60d displayed no differences in their abilities to solve the spatial version of the MWM compared to sham-operated rats. In general these results imply that castrates perform better at 35d but more poorly at 60d of age on block three of the spatial learning procedure. Furthermore, the current study showed that testosterone replacement therapy antagonized castration effects on escape latency and traveled distance in both 35d and 60d rats. The ability for testosterone replacement therapy to antagonize the effect of castration on spatial learning further supports the suggestion that spatial learning is influenced by circulating testosterone.
Further, previous studies reported that directional strategy to find hidden platforms develops on 21d but spatial strategy does not emerge until 28d in rats (Akers et al., 2009; Akers et al., 2011) . Grissom et al. (2012a Grissom et al. ( , 2012a reported that pre-pubertal male rats preferred stimulusresponse learning strategy to solve a dual-solution visible platform MWM. They also discussed that prolonged maternal separation in the first two weeks of life is associated with elevated anxiety and impaired spatial learning accompanying a bias to use stimulus-response learning strategies on male rats but not females (Grissom et al., 2012a) . Moreover, it has been reported that estradiol biases rats to use a place strategy. Females adult rats in pro-estrus have been significantly more likely to use a place strategy while rats in estrus and di-estrus did not appear to have a group bias to use either strategy (Pleil and Williams, 2010) . Therefore, in the current study testosterone could partially influence learning strategy preference and spatial learning through its conversion to estradiol (Moradpour et al., 2006) . It seems likely that a high level of testosterone at 35d could bias rats to use a premature place strategy, which is not skilled or useful. Thus, their performance did not develop properly. However, the place strategy matured and was flawless in adults. Therefore, the navigation ability of the adults was well experienced, skilled and efficient. The cellular and molecular mechanisms of testosterone's effects on engaging in efficient and useful place strategies have yet to be elucidated. However, a recent study has reported that learning strategy preference varies with biological sex in pre-pubertal rats with males biased toward a stimulus-response strategy, and that stimulus-response strategy is associated with lower ratios of muscarinic binding in the hippocampus relative to either the striatum or amygdala (Grissom et al., 2012b) . In addition during adolescence, structural remodeling happens in a number of brain regions including the hippocampus, where neural plasticity is a key characteristic (Koshibu et al., 2004) . New neurons are continuously added to the dentate gyrus, allowing for modulation of hippocampal function and possibly contributing to learning and memory (Leuner et al., 2006) . However, the speed of postnatal neurogenesis is not constant. Neurogenesis is highest during the perinatal period (Bayer, 1980) and is higher in adolescence than in adulthood (He and Crews, 2007) . Change in spine morphology is correlated with the strength and maturity of each synapse, and testosterone may exert its effects through neural structural modification. Li et al. (2012) revealed that gonadectomy (GDX) induced aberrant morphologies with less mushroom-type and more stubby-and thin-type spines in the proximal part of the stratum radiatum after two weeks. These morphological changes were also observed in the distal part of the stratum radiatum, whereas there was no change in the stratum lacunosum-moleculare after GDX. Testosterone replacement in GDX mice recovered the changes in spine types to those found in controls (Li et al., 2012) .
We have recently shown that field excitatory postsynaptic potential (fEPSP) and population spike (PS) evoked by high frequency stimulation (HFS) was suppressed by pre-pubertal castration at 35d but not at 45d; however, at 60d, PS was suppressed by pre-pubertal castration (Moradpour et al., 2013) . Furthermore, fEPSP-long term potentiation (LTP) and PS-LTP at 60d were lower than CA1 LTPs recorded from slices taken from 28d and 35d rats (Moradpour et al., 2013) . Given that a reduction in fEPSP-LTP has been linked with mature spatial learning, our finding that castrated rats from 35d have better spatial abilities is fitting. Sakata et al. (2000) also reported the same suppressing effect of castration on CA1 LTP. Other studies reported that estradiol suppressed fEPSP and PS in slices taken from four week-old rat hippocampi but not in adults when it was applied before HFS. Additionally it was reported that estradiol enhances NMDA-mediated current and CA1 fEPSP-LTP (Foy et al., 1999) . These studies suggested that sex hormone manipulation has different effects on hippocampal function of mid-adolescence versus adult rats (Ito et al., 1999) , and castration might make spatial learning and its electrophysiological basis more efficient in mid-adolescence.
Testosterone is the main male circulating sex steroid that may influence place navigation by making alterations in the hippocampal structure and function. It has been reported that mean serum testosterone levels remained unchanged throughout the infantile, juvenile, and early peripubertal period. However, on day 40, an increase in testosterone levels was reported (Dutlow et al., 1992) . These results are consistent with our study. In our study the serum testosterone level was detected at 28d and it gradually increased to adult levels (2.5 to 5 ng/ml) during adolescence, as previously reported (Lee et al., 1975) .
We demonstrated that the spatial ability of intact male rats was lower at 22d in the MWM, which indicated that pre-adolescent rats could find the hidden platform, as previously reported (Akers et al., 2007; Schenk, 1985) . The current study showed that intact rats could solve the MWM task at 28d but the navigational ability of rats during mid-and postadolescence was higher than that of pre-adolescent rats. Akers et al. (2007) showed that intact rats at 28d used the same strategies as adults. Our data indicate that although the pre-adolescent rats use the same strategy as adults, they had a lower spatial performance.
In the water maze paradigm used the visible platform test is a complementary test to show the rats' visual ability. Therefore, to distinguish task learning from spatial learning, we used the training to locate a visible platform location immediately following the probe trial on the third day.
In the current study, the surgery was performed at 22d and there was a delay between the surgery and the practical tests, which could affect the performance in the specific test. Therefore, it could be suggested that the present results might not be entirely from the effect of castration or sham-castration but might also be influenced by the delay between the castration and the testing. However, statistical analysis showed no significant difference between castrates and sham-operated or intact rats at 28d, indicating that the differences in delay between surgeries and testing do not interfere with our results.
Conclusion
The current study demonstrated that intact males at 22d and 28d required more trials to acquire a spatial learning task than the intact males at older ages. Males castrated at 35d had significantly lower escape latencies and traveled distances during training than the sham-castrated males trained at the same age. Our results indicate that adult-typical performance for male spatial memory emerges during mid-adolescence and that pre-pubertal castration appears to improve spatial learning during this time. We conclude that adolescent neural networks are more susceptible to modulation by sex hormones compared with younger and older animals.
